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A flash evaporator heat rejection system representative of tha t  
proposed for  the Space Shuttle Orbiter underwent extensive system tes t ing 
at the NASA Johnson Space Center ( JSC) t o  determine its operational suita-  
b i l i t y  and t o  establish system performance/operational characterist ics fo r  
use in the Shuttle system. Over 116 hours of system tes t ing were conducted at 
NASA/JSC Chamber A during the  period of 22 April thru 3 May 1975 t o  obtain 
the  desired data. The e f for t s  of the  Vought Corporation i n  t e s t  a r t i c l e  
fabrication and i n  r e a l  t h e  t e s t  support ere  reported herein. This effor t  
was conducted under NASA contract M9-10534. 1 i 
The flash evaporator system t e s t  a r t i c l e s  consisted of the  f 
prototype 2 and 3 units  fabricated under contract 1QAS9-13506 and an exhaust .a i 
duct system designed t o  simulate the Shuttle configuration. The proto- 1 
type 2 and 3 uni ts  were representative of the design, construction.and 1 1 
operation of the proposed Shuttle baseline f lash evaporator system. The s 
evaporators and exhaust ducts were configured t o  simulate both t he  top-off 
and re-entry Shuttle system operational conditions. i* 
The t e s t  was conducted i n  three sequences during t he  two weeks 
of test ing: sequence 1 obtained parametric perfornance/optration data fo r  t he  
evaporators i n  the  top-of f configuration; sequence 2 primarily obtained 
parametric duct performance data (top-of f conf iguration) ; and sequence 3 1 
tested the evaporators in the  re-entry configuration with varying system 
parameters . i 
During the t e s t s  the evaporator system demonstrated i t s  suita- i 
b i l i t y  t o  meet the  Shuttle requirements by: a )  eff ic ient  operation with 90 
t o  95% water evaporation efficiency (greater efficiency is  expected for  I 1 
identif ied f l igh t  design changes) ; b) control of out le t  temperature t o  d 
40' 2 2OF for pa r t i a l  heat load operation; c )  s t ab i l i t y  of control system 
for  rapid changes i n  Freon in l e t  temperatures ; d)  repeated dormant-to-active 1 1 
device operation without any startup procedures. The only t e s t  a r t i c l e  1 
operation ananoly was a loss of cooling due t o  i ce  build- i n  t he  evaporators 
from an unheatei instrumentation port during t e s t  sequence 1. This was 
corrected, and no further anoxnolous operation was experienced. 
Coneidersble waporator syntm p t r f o m n c e  data were obtained 







































































































































































































































































































data showed t h a t  the performance was a strbng fun c t i  
temperature with decreasing perforaance obtained for  
on of feedwater 
increasing feedwater 
temperatures. This i s  due t o  high water vapor pressures (as  temperature 
increases) causing disintegrat ion of the  spray i n t o  R f i n e  m i s t  which i n  
turn is carried in to  the  exhaust duct. (A planned anticarryover device i n  
a r i igh t  design w i l l  minimize t h i s  carryover). Additionally, the  test re- 
sults demonstrated t h e  lack of dependence of performance due t o  s igni f icant  
va r ia t io r  i n  Freon flowrate, Freon temperature, duct temperature, and 
f eedwater pressure. 
The design margin of t h e  f l a sh  evaporator un i t s  was a l so  dem- 
onstarted by the capabil i ty t o  maintain ou t l e t  temperature control  at 
much higher operating pressures than the  3.8 mmHg design conditions. 
The top-off evaporator configuraticn operated a t  5.2 mmHg while maintaining 
control,  and t h e  re-entry evaporat.czs operated with pressures up t o  10 mmHg. 
These r e s u l t s  w i l l  provide fu ture  design data fo r  system design optimization. 
Duct performance data was obtained fo r  a wide var ie ty  of t rans ient  
and steady s t a t e  water vapor flow r a t e s  and fo r  a number of water carryover 
conditions. The basic top-off ducthozzle  designed and analyzed by NASA re- 
sul ted i n  operating pressures considerably below the  desired design conditions 
(3.0 mmHg versus 3.8 mmHg) . Further duct/nozzle analysis/design refinement 
is recommended. Performance conditions with i c e  formation i n  t h e  vapor flow 
and i c e  formation on duct walls were obtained. Analyses and explanation of 
these data along with exhaust nozzle performance were not pa r t  of t h i s  e f f o r t  
but t h e  subject of separate NASA ac t iv i ty .  
Improvements i n  instrumentation accuracy and problems i n  t h e  ACE'S* 
data aquisi t ion system were ident i f ied  during t h e  t e s t .  The accuracy of 
Freon temperature and flow measurements resulted i n  performance inaccuracies 
of 5 t o  7% for  t e s t  sequences 1 and 2, and of 2 t o  3% for t e s t  sequence 3. 
Future t e s t ing  should concentrate on instrumentation accuracy i n  order t o  
get higher accuracy i n  performance data. 
Detailed discussion of t h e  t e s t  a r t i c l e s ,  instrumentation, and 
test resu l t s  a re  contained i n  t h e  Sections t h a t  follow. 
*ACE - A u t ~ n a t i c  Checkout Equipment 
'. 6 i.. 
2.1 System Definition 
The ac t ive  thermal cont-03 system for the  Shutt le  includes a 
Mash evaporator expendable heat sink system t o  provide primary heat rejec- 
t ion  during ascentlre-entry f l i g h t  phases above 100,000 ft., and t o  augment 
the  radiator  system during o r b i t a l  operation. The water expendable used 
on t h e  Shutt le  is  launched i n  supply tanks f o r  t h e  ascent/re-entry f l i g h t  
phases, and i s  generated for  o r b i t a l  operation by t h e  fuel  c e l l  system. 
The location of t h e  f lash  evaporator system i n  t h e  Shutt le  i s  shown i n  
Figure 2-1. 
The proposed Shutt le  configuration consists  of a t o t a l  of four 
f lash evaporator n i t s  - two i n  each o f t h e  Freon coolant loops. A s  shown 
schematically i n  Figure 2-2, each of t h e  two Orbiter Freon loops has an on-orbit, 4 
low load (top-off) evaporator, and a high load (ascenthe-entry)  evapora- ; 
t o r  which is used i n  conjunction with t h e  top-off evaporator t o  provide I 
i 
cooling during ascent and re-entry f l i g h t  phases. The top-of f evaporators 1 
i 
are  sized t o  cool the  Freon flow *om 60' t o  40°F, while the  ascenthe-entry j 
evaporators cool the  Freon from a maximum of 132OF t o  60°F. Thus, t h e  two I 
types of f l i g h t  evaporators have di f ferent  heat l&d requirements, a s  w e l l  
, I
a s  d i f ferent  control temperatures. i 
Two duct systems a re  required t o  exhaust water from t h e  f l a sh  
evaporator system in to  t h e  space environment a s  shown i n  Figure 2-3. 
on-orbit duct system ( t o p o f f  duct system) consists  of a duct configuration 
with two non-propulsive ex i t s  on opposing s ides  of t h e  Orbiter vehicle t o  
minimize the  resul t ing  th rus t  created by t h e  water vapor leaving the  Shuttle. 
A supersonic nozzle is located at each e x i t  c.f ?,lie top-off duct t o  maintain 
the  f lash evaporator chamber pressure a t  a sa t i s fac tory  l e v e l  and t o  minimize 
contamination of t h e  payload bay. The second duct system ( t h e  ascent/re-entry 
duct system) is  used t o  exhaust t h e  larger  quanti t ies  of water fram t h e  
high temperature un i t s  during Shutt le  ascent and re-entry, and contains only 
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FIGURE 2-2 SMPITLL BASELINE FLASH EVAPORATOR SYSTEM SCHEMATIC 

The planned t e s t s  f o r  t h e  f l a s h  evaporator system incorporated 
instrumentation t o  assess  t h e  f l a s h  evaporator system and its associated 
duct/nozzle performance, and t o  determine t h e  extent  o f  contamination of t h e  
supersonic nozzle plume on Shut t le  payloads loca ted  i n  t h e  ps3load bay. 
2.2 P r io r  Systems Testin& 
Simulated Shu t t l e  a c t i v e  thermal con t ro l  system t e s t i n g  was 
ccnducted at NASA/JSC during t h e  summer of  1973 using a m d l f i e d  Prototype I 
Flash Evaporator a s  an expendable cooling device. The system t e s t e d  included 
8 modular rad ia tors ,  simulated h e 1  c e l l  water supply, water s torage  tank,  
and a f l a s h  evaporator expendable cooling device. m e  modified f l a s h  
evaporator was t o  demonstrate feasibility of  t h e  device appl ica t ion  t o  
"top-of f" t h e  r ad i a to r  system during adverse orbi ta '  ?onditions and t o  dump 
excess f u e l  c e l l  water produced during t h e  mission. (The excess water lumped 
on command from a water tank sensor which changed t h e  mix temperature of 
t h e  r ad i a to r s  ) . 
The 14.6 kW (50,000 BTU/hr) Prototype I evaporator was modified 
during t h e  program t o  provide 4.69 kW (16,000 B T U / ~ ~ )  o f  r ad i a to r  top-off 
cooling. Additionally,  Lhe evaporator cie,s o u t f i t t e d  with a 75 mm (3-in. ) 
diameter by 1.83 m (6- f t . )  long duct with two 45' tends t o  simulate Shu t t l e  
i n s t a l l a t i o n .  Transport f l u i d  l i n e s  were at tached t o  t h e  duct t o  prevent 
i c e  from deposi t ing on the exhaust duct wal ls .  Supersonic, plug, and sonic 
vapor exhaust nozzles were mated t o  t h e  end of t h e  duct t o  evaluate  water 
vapor plume back-scatt e r ing  on Shut t le  surfaces.  
The t e s t i n g  consis ted of l imit-case performance p r o f i l e s  and 
t y p i c a l  mission heat loads and environment conditions.  The t e s t i n g  demon- 
s t r a t ed :  ( 1 )  o u t l e t  temperature cont ro l  with a s e t  point  of 2 7 8 . 6 " ~  ( 4 2 " ~ )  
with a temperature range of 276" t o  280°K ( 3 7 O  t o  44 '~ ) ;  ( 2 )  e f f i c i e n t  
operation with 1 0 ~ 5  evaporation e f f ic iency  f o r  evaporator and exhaust duct 
combination; !'1) s t a b i l i t y  of t h e  eqraporator con t ro l  system f o r  rapid t r an -  
s i e n t  changes i n  i n l e t  temperature due t o  r a d i a t o r  mix temperature change; 
( 4 )  repeated dormant-to-active 4evice o?eration on command of t h e  o u t l e t  
temperature s,ensor; and ( 5 )  t h e  evaporator perf-omance is  in sens i t i \  e t o  t h e  
type of vapor exhaust nozzle u t i l i zed .  The exhaust nozzle t e s t  da ta  indicated 
t h a t  water vapor impingement could be reduced by a fac tor  o f  3 t o  10 using 
a supersonic nozzle and by a fac to r  of  25 t o  1CO f o r  t h e  plug nozzle over 
a sonic nozzle condition. The t e s t j n g  r e s u l t s  a r e  reported i n  d e t a i l  i n  
References 1, 2, 3 and 4. 
8 
2. 3 Test Rat ionale'/Approach 
The above t e s t ing  ver i f ied  t h e  concept of t h e  ac t ive  thermal con- 
t r o l  system u t i l i z i n g  a f lash  evaporator t o  "top-off" t h e  space radiators.  
Based on these tests, t h e  Shutt le  baseline thermal control  system was modi- 
f i ed  t o  include a top-off evaporator t o  ~ r o v i d e  thermai control  and t o  manage 
excess water. NASA/JSC f e l t  t h a t  addit ional  f las '  evaporator system t e s t i n g  
was necessary t o  incor-#rate ac tual  Ilardware designs and r e a l i s t i c  vehicle 
interface conditions. Specif ical ly for  t h e  p r io r  tes t ing:  (1) t h e  f l a sh  
evaporato~ was an ear ly  wound tube development configuration t h a t  was modified 
t o  meet t h e  t e s t  requirements ra ther  than t h e  l i g h t  weight heat exchanger 
concept planned; (2 )  t h e  exhaust duct system was a system fo r  a s ingle nozzle 
ra ther  than t h e  non-propulsive duct/nozzles exhausting frrm t h e  s ~ d e  of t h e  
vehicle; and (3) the  exhaust nozzle did not include vehicle interfaces which 
signif icantly influence water vapor plume formation and t h e  resul tant  contaminp.- 
t ion  potential .  With t h e  ac tual  
was felt  t h a t  these system tests 
t o  be t t e r  uef in i t ize  t h e  Shutt le  
hardware design/interfaces incorporated, it 
would provide t h e  technology base required 
f lash  evaporator syst  ~JI, 
2.4 Report Scope 
This report su~m~arizes t h e  Vought support a c t i v i t i e s  and functions 
provided t o  NASA/JSC during the  t e s t  program under contract NAS~-10534. The 
report covers: f lash evaporator and duct system fabricat ion,  and f lash  
evaporator system operat ion and anal-ys is  of i t s  performance , NASA/ JSC per- 
some1 were responsible fo r  the  duct/supereonic nozzle system design, 
analysis , and performance/operat ion. These a c t i v i t i e s  w i l l  be covered by a 
separate NASA/JSC report.  
The e f f m t  reported herein was performed for  t h e  NASA/JSC Crew . / 
Systems Division under t h e  teclmical direct ion of M r .  Keith Hudkins by t h e  . +  , 
Vought Corporation (formerly t h e  Vought Systems Division, LTV Aerospace - .. 1 
~ o r p o r a t  ion). 
3 O TEST OBJECTIVES 
The following subsections define t he  overall obJectives and t h e  
desired end products fruu the  test ing.  
3. 1 On-Orbit System Performance Ev4uation 
The Shuttle top-off f lash evaporator ayatan includes two flash 
evaporators and the top-off ducting system which exhausts the  water ~ekr 
fran the Shuttle through two supersonic nozzles. These systems were tes ted 
t o  meet the follawing t e s t  objectives. 
Determine f lash evaporator system performance characterist ics 
i n  conjunction with supersonic nozzles and non-propulsive 
duct system. 
Determine sensi t iv i ty  and response of flauh evaporator/ 
duct/nozzle configuration t o  transient i n l e t  conditions. 
Various flash evaporator i n l e t  temperatures need t o  be 
simulated t o  determine control valve response. (The control 
valve system senses the F-21 out le t  temperature and autcraa- 
t ically 'regulates the supply of water t o  the flash evapora- 
t o r  t o  maintain a Freon out le t  temperature of 40'~). 
Evaluate the  effect  of feedwater temperature on flash 
evaporator system perfonnancc . (Shuttle vehicle requirements 
indicate a temperature range on the  f lash evaporator feed- 
water supply from 40°F t o  150"F). 
Evaluate f lash evaporator/duct/nozzle configuration perfor- 
mance for Shuttle application. 
Determine duc;t/nozzle heater requirements. (!he baseline 
Shuttle Zuct has e lect r?cal  heater system6 which provide 2 
wstts per running foot of duct. Electrical  heaters with 
equal t o  and greater capability w i l l  be attached t o  the  
ducts and nozzles t o  determine the  required s ize  of t he  
heaters on the  Shuttle design). 
f .  Determine nozzle thrust  chsracterist ics.  The two opposing 
supersonic nozzles manifolded by a duct system t o  both f lash 
evaporators should have minimum net thrust on the Orbiter at 
the design flowrate. The net Y-axis thrust  should be deter- 
mined during t h i s  t e s t ,  along with t h e  t o t a l  thrust ,  t o  
assess the  actual  reduction i n  thrust obtained frcm t h i s  
thrust  reduction system. 
3.2 Re-entry System Perf ormsnce mimra t i~n  
During re-entry, the  proposed Shuttle f lash eveporator system will 
be using two flash waporator assemblies, each having two f lash evaporators 
a 3 
4' 
... d (1 on-orbit and 1 re-entry). The f lash evaporators w i l l  be operated down t o  1 
100,000 ft. elevation. The t e s t  objectives ( a )  through (d) for the  top-off 
evaporator t e s t  are  a lso  applicable t o  the ascenthe-entry evaporator system i 
I 
with t he  following additional objectives: i ? 
( a )  Evaluate performance a s  a h c t i o n  of increased 7 
chamber Gressure t o  determine effects  of s3~1ulated 
re-entry on the  system. 
(b)  Evaluate the flash evaporator performance while 
operated for  long durations under simulated ascent/ 
re-entry conditions. i 
3.3 Ehd boduct Definition 
The desired resul ts  from the  f lash evaporator t es .  are  summvlrized 
as  follows: 
( a )  Flash evaporator system heat rec)ectim capabil i t ies for  
on-orbit and re-entry conditions a s  a function of (1)  
feed-water i n l e t  temperatures, (2)  F-21 i n l e t  temperatures, 
(3 )  evaporator operating pressures, and ( 4 )  duct tem- 
peratures. 
(b)  Control valve response as a function of F-21 i n l e t  
temperature. 
( c )  Re-entry and top-off duct pressures as  a function of 
water flowrates and duct temperatures. 
(d)  Duct and nozzle heater power as a function of water 
flow ra tes  and feedwater i n l e t  temperatures. 
Ce ) Nozzle thrust  a t  maximum and minimum water flowrates. 
4.0 DESCRIPTION (P TEST ARTICLES AH) IHSTRlMElOTATIaW 
The objective of t he  t e s t  a s  dlsc\ursed i n  the  faregoing was t o  
assess the  f lash  evaporator system performance using realistic (or Shuttle 
representative) hardware/vehicle designs and interfaces. Table 4-1 i 8  sn 
assessment of the  Shuttle "flight repreeentativeness" of the f lash evaporator 
system t e s t  a r t i c l e  and configuration. 
A detailed descri:ption of the  actual  t e s t  a r t i c l e ~ ,  inetrurmmta- 
t ion,  and automstic data calculations wed for t he  tes t ing is contained 
below. 
4.1 Evaporator 
The t e s t  a r t i c l e s  were the  f lash evaporators designated a s  
Prototype 2 and Prototype 3 were fabricated by Vought under contract 
~ 9 - 1 3 5 0 6 .  They are  described i n  de t a i l  i n  References 5 and 6. The Proto 2, 
hollow-cone spray evaporator was modified with a solid bottam for  t h i s  t e a t  
so that  it was identical  t o  the  Prototype 3 evaporator. The following 
description applies t o  the operation and construction of both evaporators. 
The prototype f lash evaporator is shown schanatic&'lly i n  Figure 
4-1. Evaporant enters the  metering solenoid valve and f l v i  through an 
atomizing spray nozzle. The spray is dispersed in to  l iquid droplets whlch 
impinge and spread onto the  hest transfer surface. The droplets f lash i n to  
vapor by absorbing waste heat fram the  Freon transport f lu id  c i rc-dat ing 
within the surface. The vapor then leaves the  device through an exhaust 
duct system. 
Control is  pravided by regulating the  mount of evaporant spray 
impinging on t h e  heat transfer surface. The evaporant metering solenoid 
valve, which allows full flow or no flaw, i s  operated f ram a transport 
f lu id  outlet  temperature sensor. Lav capacity is achieved by short flow 
times and long no-flaw periods, etc. Ful l  capacity resu l t s  when the  evaporant 
flows continuously. The t o t a l  cycle time for an on/off cycle i s  approximately 
s ix  seconds. 
The evaporant solenoid metering vslves a re  constructed ?ram 
s ta inless  s t ee l  and use 28 vdc signal for  operation. Primsry and redundant 
valves w i l l  be included for the  f l igh t  units, but were not available for  
prototype tes t ing reported herein. 
The spray nozzle produces a hollow cone spray pattern with water 
droplet diameters of 50 t o  300 micro metere. The internal  f lash evuporator 
spray nozzles are constructed using bras8 and s ta inless  s t e e l  pieces. 
12 
TABLE 4-1 
w ~ m ~ ~ ~ ~ ~ ~ n  EPAWJATIOA 
FLASH EVAPORATOR TEST CORFIOURATIOA 
3 Heat transfer performance/capability : representative 
:- . Control system operationlweporator thermal response: rep~esentative 
.. Pressure drop: not representative because of higher flowrate and msnifolds 
' I .  Euvironment (thermal, pressure) : representative 
i . "Top-off" configuration: representative 
; . Water dump : representative 
. Ascent/Re-entry : representative 
hTAP RATOR CO~IGURATIOIV 
-., 
* 
1. Hx surface construction: representative 
2. Hx surface fabrication process: not representative (due to brazing process) 
3 .  Hx configuration (dia. , height ) : not representative since designed for different 
loads, f lowrat es 
4. Fluid manifolding: not representative since they were designed to accommodate 
a variety of configurations, heat loads, etc . 
5. Valve: not represeatat ive 
6. Valve/nozzle mounting plate: not representative for same reason as #4 
'I. Backcone coafigcration: not representative for same reason as 64 
8. Structural elements/mounting provisions: not representative since they have not 
been designed 
9. Txhaust trmsition piece: representative 
10. fibraporat I-to-duct transition: not representative since design cot initiated 
(can be modified later) 
11. Packaging : not representative since design is not complete 
1. No reaction duct (3.5" ) : representative 
2. Ascent/re-entrj duct (5") : representative 
* 
H)i - Heat Exchanger 
FLGtlRE 4- 1 FLASH EVAPORATOR CONFIGURATION SCHEMATIC 
The f lash  evaporator is constructed of a s ingle  layer  of heat exchanger 
core shaped as a right-circular cylinder 15" i n  d i m t e r  end 9" long with one 
end closed-out with a f l a t  d isc  (Figure 4-2). Sheet m e t a l  extends the  open 
end of the  cylinder 2.75" and is flanged outward t o  f a c i l i t a t e  attachment 
of various evaporator backcones. The sheet metal extension is welded t o  a 
0.5" diameter r ing  manifold which has s i x  d iscre te  o u t l e t  tubes. The manifold 
ou t l e t  tubes connect t o  s i x  d iscre te ,  equal-length tube c i r c u i t s  ( ~ i g u r e  4-3) 
which a r e  welded t o  the  backcone. These c i r c u i t s  provide spray nozzle and 
B 
'L. 
backcone heating before being manifolded t o  a s ingle  ou t l e t  tube which wraps 
I 
3 
around the  exhaust port.  The exhaust port is  a 4.75" I .D .  pipe 6" long welded 
.4 
t o  the  0.25" thick backcone plate.  A half  inch radius was machined on the  
inside of t h e  4.75" I . D .  pipe t o  provide a smooth entrance i n t o  t h e  exhaust port 
from the  evaporator cavity. 

The sheet metal extension is heated by a wrap-around tube which 
has t h e  fU.1 Freon flow through it. When t h e  evaporator was connected t o  t h e  
3.5" O.D. duct,  t h e  Freon flow entered t h e  wraparound tube  and was plumbed 
t o  t h e  bcttcnn manifold where it entered t h e  heat exchanger core.  Freon flawed 
r a d i a l l y  from t h e  bot tan  manifold, u=, t h e  c y l i n d r i c a l  s idewalls ,  out t h e  r i n g  
manifold i n t o  t h e  backcone heat ing c i r c u i t s .  The backcone heat ing c i r c u i t  
flows a r e  mixed and t h e  f u l l  Freon flow e x i s t s  through an exhaust po r t  heat- 
ing tube. The Freon plumbing f o r  t h e  evaporator on t h e  3.5" diameter duct 
was iden t i ca l  t o  t h a t  of t h e  evaporator on t h e  5" O.D. duct; however, t h e  
d i rec t ion  of t h e  flow was reversed. In  t h e  l a t t e r ,  t h e  Freon 21 entered t h e  
exhaust por t  heat ing tube and exi ted a t  t h e  wrap-around tube. 
4.2 Exhaust Duct 
The purpose of t h e  ducting system i s  t o  vent steam generated by 
t h e  f l a sh  evaporator overboard from t h e  Shut t le .  Rockwell In t e rna t iona l  
specif ied t h e  rout ing  of t h e  duct i n  drawing number V~70-005189 (shown pre- 
viously i n  Figure 2-3). NASA/JSC analyzed t h e  ducting system and Vought fabr i -  
cated t h e  duct system f o r  t h e  t e s t .  Certain deviat ions i n  t h e  Rockwell base l ine  
were made by NASA t o  keep cos t s  down and maintain t h e  de l ivery  sched-ale. The 
duct wal l  thickness was 1 /4  inch f o r  both t h e  5" O.D. re-entry and 3.5" O.D. 
top-off ducts.  Rockwell spec i f ied  a 10.5" bend radius f o r  t h e  3.5" 0.D. duct 
and a 15"  bend radius f o r  t h e  5" O.D. duct. These bend r a d i i  were increased 
t o  12" and 24" respec t ive ly  s ince  t h e  o r ig ina l  bend r a d i i  required spec i a l  
too l ing  adversely impacting cos t  and del ivery  schedules. 
Although t h e  bend r a d i i  were not  maintained, t he  number of degrees 
of t u r t i n ~  i l l  t h e  bends, t h e  t o t a l  number of bends, and t o t a l  duct length  of  
t h e  Rockwell basel ine duct were dupl icated i n  t h e  construct ion of t h e  duct 
t e s t  a r t i c l e .  Figure 4-4 shows t h e  e l e c t r i c a l  r e s i s t ance  hea ter  wrappea on t h e  
two duct t e s t  a r t i c l e s .  The re-entry duct (5" O.D. ) had th ree  separa te ly  con- 
t r o l l e d  heater  power zones. The hea ter  wraps were spaced c lose r  toge ther  near 
t h e  evaporator duct o u t l e t  t o  ensure evaporation of l i q u i d  carryover.  The top- 
of f  duct (3.5" O.D. ) had four separa te ly  cont ro l led  hea ter  power zones with 
the heater  wraps spaced c loser  together  near t h e  evaporator. To prevent heat 
soak-back across  t he  duct/evaporator f lange,  a 1/32" t h i c k  Teflon gasket was 
i n s t a l l e d  at t h e  f lange in te r face .  The duct supported t h e  evaporator through 
t h e  flange in te r face .  NASAIJSC designed and manufactured t h e  supersonic nozzles 
used in  t he  top-off duct.  The nozzle cross  sec t ion  i s  shown i n  Figure 4-5. 
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4 - 3  Instrumentat ion and Test Data Calculations 
The f lesh  evaporator Freon flow system and feedwater supply 
system instrumentation used during t e s t i n g  a r e  shown schematically i n  
Figure 4-6 along with t h e  t e s t  instrumentation designation number. 
Each evapcrator had redundant f l u i d  temperature measurements i n  
t h e  i n l e t  and out le t  Freon l i n e s  and a Freon pressure drop across t h e  evapora- 
t o r .  Evaporant feedwater temperature and pressure were mecsured a t  t h e  i n l e t  
t o  t h e  solenoid valve/spray nozzle. The evaporator backcone had a pressure 
port t o  which a baratron pressure gauge recorded t h e  low (0-10 t o m )  evapora- 
t ion pressures. 
The top-off and re-entry duct temperature and pressure instruments- - . 
t i o n  with corresponding measurement numbers a r e  shown schematically i n  Figures 
4-7 through 4-10. 
The re-entry duct had ten  themacouples and f i v e  pressure taps.  
The thermocouples were i n s t a l l e d  ;~pproximately equal distance along the  duct 
with f ive  thermocouples associated with t h e  pressure taps .  Thirteen thcrmo- 
couples and seven pressure taps  were on t h e  top-off duct with one thermo- 
couple associated with each t a p  and t h e  remaining thermocouple ins ta l l ed  so 
tha t  a l l  thermocoupZes were approximately equal distance. 
Appendix A contains a description of a l l  temperature, flow, pressure, - . 
and weight measurements made during t h e  f l a s  evaporator t e s t i n g  including 
the  measurement ident i f ica t ion  number, range of data for  which t h e  ca l ibra t ion  
was made, and t h e  accuracy desired by NASAIJSC. The data f o r  Appendix A 
was obtained from t h e  NASA Test Plan, Reference 7. '5?-te Freon temperature 
measurement accuracy requested in  t h i s  NASA t e s t  plan, however, was not t h a t  
recommended by Vought i n  Reference 8 t o  obtaLn accurate performance measure- 
ment. This w i l l  be discussed f'urther i n  Section 5 . )  
In addition t o  recording of instnunentat ion measurement s , "real  
timef' calculations were made by t h e  NASAIJSC data system t o  provide r e a l  time 
assessment of heat re jec t ion ,  performance efficiency, elvaporant usage, e t c  . 
for  each evaporator and t h e  system a s  a whole. A descript ion of t h e  de ta i led  
calculat ions made durlng the  t e s t  along with t h e  associated instrumentation 
measurements used there in  a r e  documented i n  Appendix B a s  obtained from t h e  
NASA/JSC t e s t  plan of Reference 7. 

FIGURE 4-7 
T m F F  DUCT HEXTER ANDTl@l@OCOUPLE . - . LOCATIONS 
FIGURE 4t8 
TOP OFF DUCT PR'SSURE MEASUREMEVIS (ON OREIT MODE) 
FIGURE 4-9 
RE-EN'l'RY DUCT H E X E R  AND THERMOCOUPLE LOCATIONS 
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5.0 TEST RESULTS, SEQUENCE 1 
Test Sequence 1 of the  f l m h  evaporator system test was run 
at NASAIJSC Chamber A from 22 April through 25 April 1975. The evaporators 
were tes ted  i n  the  Shutt le  top-off configuration f o r  o r b i t a l  operation 
simulation with both e v a p r a t o r s  mo~mted t o  t h e  non-propulsive duct as 
shown sch-tically i n  Figure 5-1. The objectives of t h i s  test sequence 
a r e  described i n  Section 3.1 Table 5-1 srlmrvrrizes t h e  speci f ic  test points  
run and which objective was being addressed d u r i ~  t h e  t e s t  point. A 
discussion of t h e  t e s t  events and t h e  r e s u l t s  obtained are reported below. 
5.1 ~ u c t / ~ o z z l e  Design Adequacy 
Test point 1 was run with t h e  evaporators at  maximum heat re- 
ject ion conditions t o  es tabl ish  t h e  heater power required t o  maintain t h e  
duct above freezing, and t o  determine t h e  adequacy of t h e  supersonic nozzle 
design by i ts :  e f fec t  on evapurator chamber pressure. The f l a sh  evaporator 
was designed t o  operate at  a chamber pressure 9f 3.8 mmHg which r e s u l t s  i n  
a saturat ion temperature of 28OF. It i s  a t  these conditions t h a t  optimum 
performance is  obtained. The combination of duct/supersonic nozzle designed 
by NASA resulted i n  the  tvo  evaporators ope;-eting at long duration steady 
s t a t e  a t  3.0 and 2.88 mmHg respectively (with a corresponding chamber satura- 
t i o n  temperature of 23'~). Although t h e  e v a p r a t o r  appeared t o  operate 
sa t i s fac to r i ly  at these conditions thro'ugh most of t h e  t e s t ,  it can be con- 
cluded t h a t  the  combination of duct analysis m d  supersonic nozzle design 
conducted by NASA needs t o  be fur ther  refined t o  assure future system opera- 
t i o n  a t  the  proper design chamber pressure. 
5 2 Instrumentation Performance Adequacy 
Several instrumentation problems and inadequacies surfaced ear ly  
i n  t h i s  t e s t  sequence. These included evaporant flow, chamber pressure, 
Freon temperature measurement, and ACE' s "drift".  
During t e s t  point 1, feedwater flow meter measurement inconsis- 
tanc i e s  appeared. The individual evaporator f eedvater flow meter readings 
where checked against the  t o t a l  flow measurement during and a f t e r  t h e  t e s t  
point showed up t o  20% var ia t ion  i n  indicated flow. The check was made by 
. . manually turning off one evaporator and comparing the  flow meter reading 




SUIMARY OF SEQUENCE 1 TEST POINTS 
(O~~-ORBIT/TQP-OFF CONFIGURATION) 
PURPOSE 
Establish duct heater parer t o  maintain duct temperature 
above freezing 
2 t h u  9 Determine evaporator performance a t  m~slihwn and minimum 
l l ~  thru l l d  Freon flowrates a t  various water e'v~.w&. temperatures 
with the  Freon in l e t  temperatures tha t  yield the 15000 
BTU/hr/evaporator maximum heat rejection operation 
10 thlu  17 Determine evaporator performance for  pa r t i a l  load with on- 
off water valve operation ( l e s s  than 15000 BTU/hr/evapor- 
a t  or heat loads ) . 
18 Case of greatest water carryover in to  ducts. Duct heaters 
s e t  t o  maintain duct temperature a t  3Cr,F or  greater. 
Repeat t e s t  point 18 with duct heaters s e t  t o  maintain 
temperatures a t  20°F or  greater. 
several comparisons are presented i n  Table 5-2. 
TOTAL FIXlW eVAPORATOR 1 EVAPORATOR 2 
TIME RATE (PPH) FLOWRATE (PPB) FLOWRATE (PPH) 
DAY: ER:MI14 FW 5081 FW 5082 FW 5083 
U2:19: 38 17.9 OFF 15.1 
112:21:10 14.3 15.1 OFF 
112:21:10 17.0 OFF 14.8 
After t e s t  point 6, t h e  three  Mow meters were again checked and t h e  flow 
measurements were found t o  vary s igni f icant ly  from each other. The e f fec t  
of these large  variat ions i n  flowrate a r e  large  differences i n  performance 
(v ia  enthalpy change calculat ions)  oetween t h e  evaporators which was up t o  
20%. This l a rge  variat ion i n  performance had never been previously ex- 
perienced during evaporator deve1opner;t o? checkout tes t ing .  The eccuracy . 
.- 
of t h e  absolute performance obtained i n  t h i s  t e s t  point make the  data l e s s  
than meaningful for  accurate performance evaluations. The flow meters were 
re-calibrated fo r  test sequence 2 a s  discussed i n  Section 6. 
Freon i n l e t  and out le t  temperature measurements (which were 
redundantly made) demonstrated large i-accuracies between eact  other during 
t h i s  t e s t  sequence. Table 5-3 compares t h e  differences i n  ACE readout of 
these redundant temperature measurements which should have been identical .  
i Although these temperatures were within t h e  t e s t  plan (Reference 3)  requested . 
accuracy of 21% of t h e  200°F range, t h i s  accuracy was not adequate t o  get 
the  desired sc ien t i f i c  performance data. A 2 l/h°F accuracy wao recommended 
by Vought i n  Reference 8. The differences i n  measured temperatures affected 
the  resul t ing  accuracy of t h e  performance calculation ZH 5271 from 5 t o  7$ 
for  evaporator 1 a t  maximum heat load operation. Obviously a s  t h e  difference 
between i n l e t  and out le t  temperature decrease for  lowering heat load, t h e  
error  i n  performance calculation w i l l  be much greater.  Care should be taken 
in  future evaporator t e s t i n g  t o  essure minimum temperature measurement e r ro r  . ' 
1 i n  order t o  obtain accurate performance measurements. . ,  
Chaber pressure measurement problems a l so  plagued t h i s  t e s t  - .  . 
! 
sequence. The baratron chamber pressure measurement for  evaporator 2 was . . !
l o s t  a f t e r  t e s t  point 1 a t  time 112:22:53 and did not appear t o  recover. This 




















































































































































































































































































f a i l u r e  appeared t o  be due t o  water freezing i n  a 6" section of unheated 
< 
l i n e  connecting the  baratron gage t o  t h e  evaporatol ins ta l l ed  by Vought. 
A heater was ins ta l l ed  on t h i s  l i n e  for  the  following test sequelrce. 
. . The en t i r e  ACE'S data acquisj t i c m  syst.m bn? ~ i g f f i c a ~ f . ,  
undefined problems during t e s t  points 12 through 17. During steady, nor- 
m a l  operation of t h e  system, a l l  t h e  ACE'S temperature measurements would I 
suddenly show drops 2 t o  3 O F  and then climb back t o  t h e i r  o r ig ina l  twlues 
i n  approximately 15 minutes. During the  indicated sudden temperature 
. . 
drop and subsequant recovery, t h e  flow bench temperature conditioning 
- .  
equipment indicaked steady Freon flow and temperatures. The ACES1'drift" 
. . 
w i l l  be shown l a t G r  on Figures 5-4 and 5-5. Although not substantiated, 
- .  
it is  believed tha t  t h i s  problem causing ACES drif't might have affected t h e  
, . 
absolute temperature readings. This w i l l  be discussed fur ther  i n  Section 5.5. 
5-3  Effects of Feedwater Temperature, Freon Flow, and Water 
Supply Pressure on Performance . . 
The effec t  of feedwater temperature, Freon flow and water , , 
supply pressure on evaporator performance was obtaiced Pram t e s t  points  1 t 
through 9, and l l a  through l l d ,  is  shown on Figure 5-2 and tabulated - .  
on Table 5-4. The average combined evaporator performance, hfg, a s  obtained . . 
from DACS calculations ~ ~ 5 2 8 1  and W5273 i s  shown i n  the  Figures. 
 he 
. , 
individual evaporator performances were not considered beeause of t h e  flow 
instrumentat ion decrepencies described e a r l i e r .  ) 
. . 
A s  seen i n  t h e  data, t h e  performance decreases with increase i n  I 
feedwater temperature as expected. The variat ion between the  two performance 
calculations (W5281 and 2~5273)  i s  approximately 55, and is due t o  t h e  ! 
temperature and flow instrumentation and aeasurement accuracy. Instrumen- 
t a t ion  and system reduction improvements would decrease t h i s  error .  
A t  t he  low feedwater temperature, t h e  evaporator performance 
resu l t s  show from 5 t o  10% water carryover in to  t h e  duct s p f . e ~ ,  A t  hlgh 
feedwater temperature, the  performance r e s u l t s  indicates from 10 t o  15% 
water carryover. This decrease i n  performance with increased temperature 
vas expectea due t o  order of magnitude higher droplet vapor pressure causing I . , 
. , 
. . 
some disintegrat ion of t h e  droplet i n t o  a f ine  mist which inturn i s  
. . 




















































































































































The use of an elbow anticarryover device planned i n  t h e  Representative 
Shutt le  Eve;porat ive Heat Sink f lash  evaporators would Blinimize t h i s  
carryover signif icantly.  
The ef fec t  of Freon 21 flow r a t e  on perfcrmance can be seen 
i n  Figure 5-2. As  demonstrated i n  t h e  figure, t h e  performance does not 
appear t o  show any trend indicating the  effects  of feedwater temperature 
dominate variat ion i n  performance due t o  Freon flow ra te .  
The e f fec t  of feedwater supply pressure on performance i e  
shown i n  Figure 5-3. As  seen i n  t h e  figure, t h e  performance data does not 
appear t o  show any correlatable trends indicat ing the  ef fec ts  of feedwater 
supply temperature dominate any performance var ia t ion  due t o  supply pressure. 
5 4 - Duct/Nozzle Exhaust Ice  
Ice flakes were f i r s t  noticed a t  t h e  nozzle exhaust during t e s t  
point 9 when the  video system w a s  turned on. A t  t h i s  point,  both evaporators 
were operating a t  maximum heat load (65OF Freon i n l e t ) ,  with 120' feedwater 
i n l e t  temperatures, and wi th  duct temperatures of  ROOF t o  120°F. A t  these 
t e s t  conditions, t h e  f l a sh  evaporator system m s  operating with t h e  greates t  
carryover (around 10%). Ice  could have, however, exhausted from t h e  nozzles 
prior  t o  t h i s  time. Therefore it was decided t o  repeat t e s t  point 9 (as  t e s t  
point l l a )  t o  ascer ta in  the  i c e  exhaust repeatabi l i ty .  
Ice again was seen i n  t e s t  point l l a  exhausting t h e  nozzle st 
in tervals  of approximately 1-1/2 minutes. Test points  l l b  and l l c  were defined 
with the  operating condit'3ns of t e t  c point 9 but with one evaporator (evapora- 
t o r  #1 for  t e s t  point l l b  and no. 2 fo r  t e s t  point l l c )  operating. No i c e  
was observed fo r  these conditions. Test point l l d  was defined as a r epe t i t ion  
of t e s t  point 2 t o  determine whether i c e  would form a t  low feedwater i n l e t  
temperatures (45OF). For t h i s  condition, the  water carryover was approximately 
5%. No i c e  was seen a t  t h i s  condition. Test points l l a  through l l d  were 
reruns of previously ran t e s t  points and demonstrated the  repeatabi l i ty  of 
the  data a s  can be ascertai.led within the  accuracies of t h e  instrumentation. 
It could be surmised t h a t  at conditions of maximum water carry- 
. ---- &I.-& ---.- 
v r t r ,  u ~ ~ ~ b  D U U  vf iile water droplets  t h a t  do not  impinge on t h e  w a l l  could 
form i c e  i n  t h e  vapor stream due t o  low and lowering duct pressures ,  axid these  
i c e  "flakes" a r e  ca r r i ed  ovt t h e  nozzles without impinging on t h e  hot duct 
wal ls .  There i s  not s u f f i c i e n t  da ta ,  howe ler , t o  v e r i f y  t h i s  t h e s i s .  
Further explanation might be  obtbined from t h e  NASA duct t e s t  ana lys i s .  
P a r t i a l  Load Operat i o n  
Test po in ts  10  through 1 7  were run t o  determine t h e  f l a s h  evaporator 
performance and operating c h a r a c t e r i s t i c s  a t  p a r t i a l  heat  loads ( l e s s  than  
15000 ~TU/hr/evaporator ) . A t  these  p a r t i a l  heat  load condit ions,  t h e  evayora- 
t o r s  must con t r c l  t he  Freon o u t l e t  temperature t o  t h e  h0" 2 2OF temperature 
range. 
The performance da t a  f o r  p a r t i a l  load operation a r e  smmarized i n  
Table 5-5. The performance, change i n  evaporant enthalpy , hfg,  i s  shown t o  
be s ign i f i can t ly  l e s s  than t h a t  obtained at maximum heat load although t h i s  
had r~ever  been observed during previous development o r  checkcut t e s t i n g .  
This low performance i s  due t o  t h e  method of DACS ca l cu la t ion  and ACE da ta  
acquis i t ion .  The ACE'S system samples data  at a frequency of  one he r t z .  I f  
t h e  evaporator i s  "on" a t  t h e  time of da t a  sample, then it is assumed "on" 
during t h e  e n t i r e  sample time and t h e  sample time i s  added t o  t h e  event time. 
This event time is then used t o  ca l cu la t e  performance. Since t h e  evaporator 
has a t o t a l  cycle (on + of f  t ime) of s i x  second:; a t  p a r t i a l  loads,  s ign i f i can t  
e r ro r  i n  t h e  evezt t i m p  m y  be obtained by t h e  "rounding o f f "  techniques t h a t  
evolve from t h e  ACE1s syotem. It is  concluded t h a t  t h e  performance da ta  
obtained from DAC's and presented i n  Table 5-5 is  not  accurate  fo r  t h e  afore- 
mentioned reasons. 
The capabi l i ty  t o  cont ro l  t o  t h e  40' 2 2OF i s  demonstrated i n  
Figures 5-4 through 5-6. Tenperature da ta  f o r  t e s t  points  10 and 11, shown 
i n  Figure 5-4, show t h a t  t h e  evaporator was zontrol led,  i n  general t o  2 1 ' ~  
~'rom t h e  40°F s e t  point even under t h e  severe i n l e t  temperature ramps going 
i n t o  t e s t  point  10. This demonstrated t h e  capab i l i t y  and s t a b i l i t y  of  t h e  
on/off cont ro l  approach t o  meet t h e  severe temperature con t ro l  requirements 
of t h e  Shut t le .  
Figures 5-5 and 5-6 show t h e  p a r t i a l  load operation control f o r  
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varied fran 3 8 O  t o  4h0F during t h i s  t e s t i n g  portion, and t h a t  t h e  control  
.i 
s e t  point appeared t o  be 4 2 ' ~  ra ther  than 40'~. It must be noted, however, 
t h a t  subsequent t o  t e s t  point 12, the  ACE'S data system suddenly encountered 
a f a i l u r e  and resumed operation with some noise. Also, sudden d r i f t s  i n  
ACE'S output were noted s i x  times i n  the  t e s t  log during the  r a i n i n g  test 
points a s  discussed i n  Section 5.2. I1 must be concluded t h a t  e i the r  both 
f l a sh  evaporator s e t  point electronics a l l  of a sudden d r i f t e d  t o  4 2 ' ~  and 
stayed there ,  o r  t h a t  the  ACE'S data system introduced a 2'F e r ro r  i n  readings 
. . 
at approximately 113:20:00. The l a t e r  is  believed t o  have happened. I n  any 
event, the  a b i l i t y  t o  control  t o  a deadband of 2 2'F with widely varying i n l e t  
. . 
temperatures was demonstrated. 
5.6 Loss of Evaporator Cooling 
After 4-112 hours of operation at t e s t  point  18 steady s t a t e  maxi- 
mum heat load conditions, evaporator 2 ou t l e t  temperature suddenly went from 
4 4 O ~  t o  63OF and cool.ing was l o s t  a s  seen i n  Figure 5-7 a t  114:10:20. A s  seen 
in  the  f igure,  the  evaporator was operating normally u n t i l  t h a t  time. Three 
hours l a t e r ,  during t e s t  point 19, a t  114:15: 50 t h e  ou t l e t  temperature f o r  
evaporator 1 a l so  rose t o  6 3 O ~  with loss  of cooling, as shown i n  Figure 5-8. . - 
Again, a s  with t h e  evaporator 2 cooling loss ,  t h e  un i t  was operating normally 
u n t i l  t h a t  time . 
Both t e s t  points were based on t e s t  point 9 (and t e s t  point  l l a )  
evaporator operation conditions with the  duct temperatures reduced by 35OF 
and 5oCF respectively. A s  with t e s t  points  9 and l l a ,  i c 3  pa r t i c l e s  were 
emitted from t h e  exhaust nozzle at i r regular  in tervals .  
The following observations were mede about t h e  events and equipment 
during operation a t  the  time of t e s t  los s  of cooling: 1 )  performance (cooling) 
was l o s t  i n  a matter of minutes; 2)  both uni ts  opereted normally u n t i l  time 
of cooling loss ;  3)  both t h e  baratron gage ( f o r  un i t  2 )  and the  GN2 l i n e  
used fo r  possible purging were apparently c!.ogged with i c e  pa r t i c l e s ,  ( t h e  
baratron gage loss  i s  described i n  Section 5.2) ; 4 )  flow bench temperature 
and f lowrates were steady (although ACE'S readouts shared f luctuat ions ) ; 
5 )  t h e  duct temperatures were above freezing; 6) and cooling was quickly 
restorcd i n  a matter of a few hours. 
FIGURE 5-7 TEST POINT 18 OPERATION, EVAPORATOR 2 

It was concluded from the  above observations t h a t  i c e  b u i l t  up 
over t h e  spray nozzle from an unheated area of t h e  backcone close t o  t h e  
nozzle, possibly from t h e  baratron or GN2 ports .  The l o s s  of cooling was: 
not d ~ e  t o  the  duct; not due t o  the  valve nozzle spray pattern variat ion 
since operation was steady; and not due t o  any i c e  formation on the  core heat 
t r ans fe r  surface because p a r t i a l  decay of performance was not observed. 
Cooling was a l so  l o s t  during t e s t  point 19 on several  occasions 
due t o  i c e  buildup i n  t h e  duct. In  each instance of cooling loss ,  chamber 
pressure i n  the  evaporator b u i l t  up t o  5 t o  7 mmHg pr io r  t o  temperati7re r i se .  
In each instance, cooling was restored a f t e r  heater power i n  t h e  duct was 
raised and the  i c e  was melted or evaporated. 
5.7 Effect of Duct Temperature on Performance 
The ef fec t  of duct temperature on evaporator performance was 
obtained from t e s t  points 9, l l a ,  18 and 19 and tabulated i n  Table 5-6 f o r  
the  case of maximum water vapor carryover. A s  seen i n  the  t ab le ,  t h e  duct 
temperature had no effect  on evaporator system performance within t h e  accuracy 
of the  instrumentation. The performance, however, i s  affected by i c e  formation 
and blockage of the  duct system. The buildup of i c e  and d-ict performance fo r  
these t e s t  points w i l l  be covered by t h e  NASA duct analysis ef for t .  
TABLE 5-6 EFFECT OF DUCT TEMPERATURE ON PERFORMANCE 
AVG Hf g , BTU/HR AVG DUCT TEMP 
TEST POINT ZH5273 ZH5281 OF 
9 821 879 96OF 
l l a  800 90 5 117OF 
18 779 869 60O~ 
19 798 - 45'~ 
*Freon Flowrate : 2250pph (nom.) 
Feedwater Temp : 120°F (nom.) 
Freon I n l e t  Temp : 65OF (nom.) 
6.0 TEST RESULTS, SEQUENCE 2 
Test sequence 2 of the  f lash  evaporator systems t e s t  was run a t  
NASA/JSC Chamber A from 29 t o  30 April  1975. The evaporators were again t e s t ed  
i n  t h e  Shutt le  top-off configuration f o r  o r b i t a l  operation simulation with both 
evaporators mounted t o  t h e  non-propulsive duct a s  shown schematically i n  
Figure 5-1. The objectives of t h i s  t e s t  sequence a r e  described i n  Section 3.1. 
Table 6-1 summarizes t h e  speci f ic  t e s t  points  run and which objective i s  
addressed during the  t e s t  point.  A discussion of the  t e s t  r e s u l t s  obtained 
a r e  reported below. 
TABLE 6-1 SEQUENCE 2 TEST POINT SUMMARY 
TEST POINT PURPOSE 
20 th ru  28 Determine evaporator performance fo r  maximum 
and minimum Freon flowrates, var ia t ion  feed- 
water i n l e t  temperatures, and var ia t ion  ir, 
duct power (temperatures) fo r  maximm heat 
load conditions (15000 ~TU/hr/eva~oratol .  ) 
38 fie-entry p ro f i l e  (with evaporator 1 only) 
6.1 Test Setup ~hanges/Instrumentation Adequacy 
The following t e s t  setup changes were made before sequence 2 t e s t -  
ing was in i t i a t ed .  a )  The water flow meters were completely recal ibrated and 
the  ACE'S data s t a t ion  was updated t o  provide be t t e r  flow instrumentation and 
performance measurements data. b )  The baratron and GN2 l i n e s  t o  t h e  evapora- 
t o r s  were removed t o  prevent any poss ib i l i ty  of f r o s t  formation on t h i s  unheated 
backcone section. 
The recal ibra t ion  of the  feedwater flow meters resul ted  i n  more 
accurate performance measurements f o r  t h e  two evaporators. The var ia t ion  i n  
performance between the  two evaporators was l e s s  than 2%. This difference 
i s  consistent with previous development and checkout t e s t  r e s u l t s .  
No improvements were made i n  the  temperature measurement method 
and accuracy between t e s t  sequences 1 and 2. The same comments regarding 
the  accuracy made i r  Section 5.2 a re  applicable f o r  t h i s  t e s t  Pequence. Dif- 
ferences between the  same redundant measured temperatures w i l l  again a f fec t  
the  performance calculat ion from 5 t o  7% f o r  evaporator 1 a t  t h e  maximum heat 
load condition. 
ACE'S data aquis i t ion  system again demonstrated sudden drops 
of 2' t o  3OF and then climb back t o  t h e i r  or ig inal  values i n  approximately 
15  minutes. This "drif't" did not a f fec t  t h e  test r e s u l t s ,  however. 
6.2 Effects  of Feedwater Temperature, Duct Temperature and Freon 
Flow on Perforrmnm 
Test points 20 through 28 were run t o  obtain t h e  e f fec t s  of 
feedwater temperature, duct temperature, and Freon flow sn performance. The 
performance data a r e  summarized on Table 6-2 and Figwe 6-1. Figure 6-1 
shows the  individual evaporator performance, hfg, a s  obtained from DACS 
calculat ions ZH5271 and ZH5272. The difference between t h e  perfollnsnce of 
the  two evaporators was a maximum of 2% which r e f l e c t s  the  improved instru-  
mentation a s  noted above. Also shown on the  Figure i s  t h e  average performance 
hfg obtained i n  t e s t  sequence 1 from DACS reading ZH5281 which matches the  
data from t h i s  sequence. 
A t  low feedwater temperatures, t h e  r e s u l t s  show approximately 
5% water carryover in to  the  duct system. A t  high feedwater temperatures, 
the  performar,ce show approximately 10% water carryover. This decrease i n  
performance with increased temperature, a s  noted previously, was due t o  t h e  
~ r d e r  of magnitude higher water droplet vapor pressure causing the  droplet 
t o  d is in tegra te  in to  a f i n e  m i s t  which inturn i s  entrained by the  vapor ex- 
hausting the  evaporator. The use of a elbow anticarryover device planned 
for  the  Representative Shutt le  hrsporative Heat Sink would have reduced t h i s  
water carryover s igni f icant ly .  
The e f fec t  of duct temperature on performance can be seen i n  
Figure 6-2. A s  seen i n  the  f igure,  t h e  performance data  does not appear t o  
 how any correlatable trend indicat ing t h e  e f fec t s  of feedwater temperature 
dominate and t h a t  f r e e  flowing duct conditions have no ef fec t  on performance. 
The e f fec t  of Freon 21 flowrate on performance i s  shown i n  
Figure 6-3. A s  i n  t e s t  sequence 1, t h e  performance is not ~f fected by Freon 
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6 . 3  Duct/Nozzle Exhaust I ce  
I ce  f lakes  were observed at t h e  nozzle exhaust during a l l  
t e s t  po in ts  20 through 28. Unlike t e s t  sequence 1 which had i c e  f lakes  a t  
high feedwater temperatures (120°F) only, t h e  i c e  f lakes  f o r  t h i s  t e s t  
sequence were obtained for both low and high feedwater temperatures. The 
water droplets  which a r e  ca r r i ed  over i n t o  t h e  duct could form the  i c e  f lakes  
f - 
due t o  t h e  lowering of t h e  vapor ~ t r e a m  p res s r r e  and could be ca r r i ed  out t h e  
nozzles without impinging an t h e  duct walls.  Unlike t e s t  sequence 1, t h i s  I 
condition i s  apparently not a function of feedwater temperature. Further 
explanation should be obtained from t h e  NASA duct t e s t  ana lys i s  e f fo r t .  
6.4 Re-entry P r o f i l e  
Cooling was a l s o  l o s t  from evaporator 2 during t e s t  point  28 * 
and was apparently due t o  water f reezing and blockage within t h e  duct immediately 
downstream of t h e  evaporator. When t h e  evaporator was turnee  c ~ f f  manually, 
no change i n  t h e  chamber pressure of evaporator 1 was noted leading t o  t h e  
aforementione6 duct i c e  blockage conclusion. 
A t  t he  conclusion of t e s t  point 28, it was decided t o  rm t h e  
re-entry p r o f i l e  f o r  t h e  top-off evaporator configurat ion with only one 
evaporator operat ing s ince  considerable time would have been requi red  t o  
thaw +.he duct i c e  which blocked t h e  evaporator 2 exhaust. 
Figure 6-4 shows t h e  re-entry t e s t  p r o f i l e  da t a  of evaporator 
Freon e x i t  temperature, evaporator chamber pressure,  and ambient pressure.  
As seen i n  t h e  f igure ,  e f f ec t iva  cooling was l o s t  (Tout > 4 3 . 4 ' ~ )  when chamber 
and ambient pressures climbed above approximately 5.2 mmHg which is  equivalent 
t o  a sa tura t ion  t e m p e r ~ t c r e  of' 35 '~ .  

7.0 TEST RESULTS, SEQUENCE 3 
Test sequence 3 of t h e  f l a s h  evaporator system t e s t  was run a t  
NASA/JSC Chamber A from 1 May t o  2 May 1975. The e v ~ p o r a t o r s  were t e s t e d  i n  
t he  Shut t le  high temperature c o ~ f i g u r a t i o n  f o r  re-entry s i m ~ l a t i m  with both 
evaporators mounted t o  t h e  5" diameter re-entry duct as show. schematically 
in  Figure 7-1. The object ives  of t h i s  sequence a r e  described i n  Section 3.2. 
Tat le  7-1 summarizes t h e  spec i f i c  t e s t  points  run  and which objec t ive  was 
being addressed during t h e  t e s t  point .  A discussion of t h e  t e s t  r e s u l t s  
obtained a r e  reported below. 
7.1 Instrumentation P-erf ormance Adzquacy 
The instrumentation and ACE'S data  aqu i s i t i on  system performed 
adequately during t h i s  t e s t  sequence. However, t h e  Freon i n l e t  and o u t l e t  
temperature measurements (which a r e  redundantly made) Gemonstrated t h e  same 
i n a c c u r ~ c i e s  between each other  a s  described f o r  sequences 1 and 2 ( i n  
Sections 5.2 and 6.1). These inaccurecies i n  temperature readings do pro- 
duce l e s s  e r ro r  i n  heat load and performance ca lcu la t ions  due t o  t h e  l a rge  
difference betweer. i n l e t  and o u t l e t  temperatures. This e r r o r  is  from 2 t o  
3% fo r  evaporator 1 i n  t h e  re-entry configurat ion compared t o  t h e  5 t o  7% 
e r ro r  fo r  t he  top-off canfigurat ion.  Again, it i s  recommended t h a t  t :is 
temperature e r ro r  be corrected i n  fu tu re  t e s t i n g  t o  assure accurate  per- 
f  omanc e messux ement s . 
7 2 - !-bort /Re-entry Performance Simulation 
The evaporators were run individual ly i n  t e s ,  points  42 through 
46 t o  simulate t h e  high temperature u n i t  under abort  conditions.  The da t a ,  
summarized on Table 7-2 and in  Figure 7-2, shows t h a t  t he re  is  l e s s  than 
5% water carryover i n t o  t h e  exhaust duct f o r  a l l  feedwater temperatures run. 
The performance does d ~ c r e a s e  s l i g h t l y  f o r  increasing feedwater temperature 
a s  seen in  t he  f igure  although not a s  severely a s  f o r  t h e  top-off configuration. 
The 5" diameter duct configuration resu l ted  i n  evaporator chamber 
pressures cl" qproximate ly  3.5 t o  4.0 mmHg. These pressures a r e  nearly 
i den t i ca l  t o  the  chmber pressure design conditions.  Operation with both 
evaporators on simultaneously w i l l .  therefore  resu3t i n  chamber pressures  
grea te r  t h m  the  design condition. 

TABLE 7-1 
S W Y  OF SEQUENCE 3 TEST POIl?!l'S 
(RE-ENTRY /HIGH T-ERATURE COIOFIIGURATIOTI ) 
TEST POINT 
42 th ru  44 
PURPOSE 
Evaporator No. 2 flaw operating (Evaporator No. 1 flow 
turned o f f )  t o  determine evaporator performance a t  back 
pressures fo r  only one-half t h e  flow. Determine heater  
power t o  maintain duct temperature above freezing. 
Reverse of test points 42-44. Turn Evaporator No. 1 
operating and Evaporator No. 2 flow off t o  determine 
performance fo r  one-half the  t o t a l  system flow. 
Both evaporators operating t o  determine evaporator and 
duct performance f o r  continuous water f!.ow ( ' ' ful l  on") 
conditions required t o  r ZJ ect  50,000 BTU/'hr. 
50 th ru  54 Both evaporators operating t o  determine perfomqnce and 
t o  watch for  duct freeze-up a t  various Freon i n l e t  tem- 
peratures. 
~ e t e r m i n e  performance a t  66% of t e s t  point 54 duct 
heater power. 
Determine performance a t  50% of t e s t  point 54 duct 
heater power. 
Determine performance during t h e  re-entry p ro f i l e  t o  
11 IDmHg. 
Determine performance a t  5 nrmHg re-entry pressure hold. 
Duct freeze-up determination with duct heaters a t  4 and 
2 watts/fX a t  vacuum ambient 
Duct freeze-up determination with duct heaters turned 






























































































































































7.3 Nominal Re-entry Performance Simulation 
Bath evaporators were operatiag during t e s t  points 47 through 
53 t o  obtain performance data fo r  various Freon in l e t  tcaptratures fo r  
nominal re-entry conditions. The data, srmnrarized on Table 7-2 and 
Figure 7-3, show tha t  performance is imprwed s l ight ly  for higher Freon 
temperatures with the  carryover going from 5% a t  a 136OF i n l e t  temperature 
t o  0% a t  1 6 0 ~ ~ .  (Same data show l e s s  than 0% carryover or greater than 
100% efficiency. The data accuracy of 2 t o  3% affects  these performence 
calculations and thus there I s probably no carryover. ) 
With both evagmators operating, t he  chamber pressure for  both 
evaporators is  6.2 mBg. This corresponds t o  a chamber saturation t a p e r a t u r e  
of 42OF which i s  approximately 15OF over t he  design condition. Efficient 
operation a t  t h i s  higher chamber pressure indicates that the  uni ts  are  not 
res t r ic ted t o  a narrow operating band. 
7.4 Duct Icing Testing 
Test points 54 through 60 were run t o  determine ice  buildup ra tes  
in  the  exhaust duct for decreasing amounts of duct heater powcr. Evaporator 
operating conditions for  these t e s t  points resulted i n  the  greatest amount of 
spray carryover in to  the ducts. The duct perfarmance and ice  buildup analyses 
are the subject of a separate HASA effor t .  
Ice formation and buildup a t  the exhaust duct exi t  was first 
visually observed a t  t e s t  point 56. Ice i s  believed t o  have s tar ted blocking 
the duct a t  the  beginning of t e s t  point 54, however, since the  evaporator 
chamber pressures s tar ted out a t  6.: nnuHg and i ~ c r e a s e d  gradually t o  the  
f i na l  value of 7.4 mrQ a t  the  end of the  t e s t  point. The chamber ?ress-are 
increased throughout each succeeding t e s t  point t o  nearly 9 nrmHg. 
The evaporator continued t o  operate eff ic ient ly  during a l l  the  
duct "ice buildup" t e s t  points. The evaporator performance varied less  than 
3% for  these t e s t  points with variation of chamber pressure from 6.2 t o  
9.1 nrmHg and do not show any correlatable trends. It can be concluded that  
the evaporators have adequate design margin t o  operate over a wide range of 
chamber pressures. It has previously been concluded that  the higher design 
chamber pressures are more desirable f'ram an operational standpoint i n  tha t  
there is  less  likelihood of spray freezing and rebound frasn the heat trans- 
port surface (Reference 5) .  
7-5 Re-entry Ambient Pressure Simulation 
The ef fec t s  of ambient pressure var ia t ion  simulating re-entry 
conditions were run i n  t e s t  point 57. The re-entry t e s t  p ro f i l e  data a r e  
shown i n  Figure 7-4. As seen i n  the  figure, effect ive cooling was l o s t  at 
. . 
an ambient pressure of 10 mHg. This pressure corresponds t o  a chamber 
saturat ion temperature of approximately 52OF which is  24" higher than t h e  
. . 
design condition. This indicates t h a t  there  is  considerable design margin 
. , b u i l t  in to  the  hardware which was not anticipated pr ior  t o  t e s t ing .  
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APPENDIX A 
FLASH NAPORATOR SYSTEM 
TEST INSTRUMEIJTATIOIV DESCRIPTION 
IAV I NA8A DESCRI)*PION 
* TIC A10001 Primary Flow Control Valve I n l e t  
03 imary Rad. Panel Total  Flow Flow- 
04 imary Rad. Panel Total  Flow Temp. 
TIC A10005 1 05 becondary now control  valve  low- 
h e t e r  Outlet 
* T/C ~10006 I[ 06 1 ycond, Flow Control Valve I n l e t  1 
TIC A10007 Rad. Panel Total Flow 
owmeter Outlet 
08 
t I .  
0.8 . econdary W. Panel Total E l q w  
. emp. . Oontrol but le t  t I .  . , ' . . , og .. O9 . imary Maih ~ l o k t e r  'Outlet.' . . ' . I 
. # 
binrary Prime .Outlet, Rdd. Panel fi 
16  16 Primary Prime In le t ,  Red. Panel #2 
17 17 Primaiy 'Prime Inlet, Rad. Panel #2 
18 18 Primary Main In le t ,  Rad. Panel #2 
19 1 3  
20 20 Primary Main Outlet, Rad. Panel #l 
21 I 21 1 - I' It - -  -- -- - . - - -. -. 
. , . .  . . - - - ---- -_____._._ - 
*FRFdN FLCkl BmCH USEb FOR THE FLASH EVAPORATOR T E S h  ALL OTHER ME4 
ON THIS PAGE ARE LZED FOR THE FLOWING RADIATOR TEST R4 CHAMSU3 A, 
I A& I 
OHI(S CHAMBER A TEST 
I lVSTRmATI0l4  REPRODucIBlLrI?Y OF Tr.a '. ' ,.: 
ORIGINAL PAGE IS POOR . 
. a  GROUP DESCRIF?CIW F-21 Temerature 
i .  W U R E  LTV 
I * ,  29 
m NO. 
'F5522 Primary Prime Outlet ,  Red. Panel #l 
. 23 
2 5 
26 imam Main I n l e t ,  Rad, Panel #l 
econdary Control Temp; Out Mix 
32 econdary Prime F l ~ m t e r  Outlet  . 
I 1  . !I 3 3 
36 ~ e o n d a r y  Main Outlet ,  Rad. Panel #2 
I~econdary  Prime Outlet ,  . Rad . . ~ a n e l d  . 
40 G o n d a r ~ i  ? r i m =  I n l e t ,  Rad.  ane el#: 
41 - I t  I t  II I1 . I1 I 1  
42 Secondary Main ~ n i e t ,  Rad. pane l#?  
43 I 1  I1 I 1  11 . I t  11 
A L L  OTHER ME I 
. - "FREON FLOW BENCH 1 . *  ON THIS PAGE ),RE  US^ FOR ?'HE FLUWING RADIATOR~TEST II9 CHAMBER A. I 1 .  A-3 :, I I 
1. r) 
b . .  
i: 
ii - -  
6 v +,, . . 
. / '  / -' 
,# , . I .  I .  
LCCURACY 
+ I$ of 
- 
range 
m N E  
' I DESCRIFTIOIV ~ ~ 5 6 4 0  Total Flow t o  Primary Leg 
Iow Flow t o  Primary Flow Control 
Valve 
FM5642 Intermediate Flow t o  Primary Flow 
%=3 * High Flow to P r i m ~ r y  Flow Control 1 
I ~ a i v e  I 
W644 Low Flow t o  Primary Radiator Panels 
W 6 4 5  High Flow t o  Primary Radiator Panel 
~~5646 Total  Flow t o  Secondary Leg 
FW647 Low Flow t o  Secondary Flow Control 
Valve 
~~5648 Intermediate Flow t o  Secondary Flob 
1~649 *' High Flow t o  Secondai-y Flow Control 
llve 
)w Flow t o  Secondary Radiator 
nnels 
igh Flow t o  Secondary Radiator 
mels  
rimary Main h w  Flow 
r i m r y  Main Intermediate Flow 
rimary Main High Flow 
rimary Prime Flow 
xondary Prime Flow 
xondary Main High Flow 
scondar y Vain Intermediate Flow 
(0 - 5 vo l t  s ignals  on a l l  flow 
meters.) 
0 to 70 pph 
25 t o  600 pph 
0 to 200 pph 
100 to 2000 pi 
5 t o  1400 pph 
0 to 70 P P ~  
25 t o  600 pph 
0 to  200 pph 
0 to 50 P P ~  
0 to 200 pph 
100 to 2003 PI 
0 t o  70 pph 
0 t o  70 pph 
100 t o  2000 PI 
0 t o  200 pph 
0 t o  50 pph 
1m to 3 5 0  PI 
"FREON FLOW BETJCH MIASURBlRlTS USED FOR TIC3 FLASH EVAPOiiATOR =ST, ALL OTHER MEASURENENTP 
OHRS CHAMBER A TEST 
MSTRLTMENTAT I ON 
GROUP DESCRfPTfOIO Evaporator Segment Temperatures 
OHRS C!WMBER TEST 
INSTRmATIOfi 
MOerP D E s c ~ I o ~ J  Evaporator Segment Pressxes 
DESCRIPTION 
dater Tank GN2 Pressure 
F-21 Differen'ial  Pressure, Eva#l 
F-21 Di f f e r en t i a l  Pressure,  Eva#2 
ilater Supply Pressure t o  Evap #l 
dater  Supply Pressure t o  Evap #2 
Evap #1 Chamber Pressure 
Evap #2 Chamber P r e s ~ u r e  
Exhaust Duct Pressure (-AP 1 )  
b u s t  ~ u c t  Pressure ( A P  3)  
~xh6:st ~ u c t  Pressure ( A P  4)  
Exhaust Duct Pressure ( 1P 26) 
Exhaust Duct Pressure ( P 28)' 
Exhaust Duct Pressure ( P 27) 
Exhaust Duct Pressure ( P 24) 
~ x h a u s t  ~ u c t  Pressure ( A P  2) 
Exhaust Duc'; Pressure (A? 5 )  . . 
Exhaust Duct Pressure ( A P  7)  . 
Exhaust Duct Fressure . ( A P  8) 
Sxheust Duct Pressure ( A P  9 )  
Exhaust Duct Pressure ( 4 ~  6) 
Exhaust Duct Pressure ( 21) 
RANGE ACCURAC ' - 
0 t o  150 l b s  - + 0.1 
(0  to 1.5 v.)  
0 to 10 psid 
( 0  t o  1 vo l t )  - + 0.5 I 
0 to 10 psid - + G.5 
0 t o  50  ps ia  - + 0.5 
0 to 50 ps ia  + 0.5 
0.1  t o  1 0  tor 
0.1 t o  10  tor]  2'' Of 
M E A S m T  NO. 
PFOOO I 
. O 1  to  1 t o r r  
. O i  t o  1 t o r r  
.01 to 1 t o r r  
0.1 t o  10 t o r  
0.1 t o  1L) to 
.001 t o  .l t o  
. O 1  t o  i t o r r  
i 
GROUP DESCRIPTION Water Flow Rates 
NT NO. 
NASA 
~ 5 0 8 1  
~ 0 8 2  
w5083 
RANGE 
Total  Water Flow Pate  t o  Evaparatol 
Water Flow Re.te t o  Flash Evaporatol 
Water Flow Rate t o  Flash Evaporatol 
0 to 120 pph 
0 to 100 ~ p h  
0 to  100 pph 










~ 1 5  176
HI5177 
HI5178 
OHRS CHAMBER A E S T  
INSTRUMENTATION 
WOUP DESCRIPTION Heater Power 
Top-Of f Duct Heater Cwrent 1 
Top-Off Duct Heater Current 2 
TopOff Duct Heater Current 3 
Top-Off Duct Heater Current 4 
Reentry Duct Heater Current 1 
Reentry Duct Heater Current 2 
S. S. Nozzle Heater Current 1 
S. S.. N3zzle Heater Current 2 
Reentry Duct Heater Current . 3  














Controller Valve S i g n a l  Event, 
Evaporator #l 




)LLER VALVE S I G M  EVENT MEASI'RE3EN 
3 C A L ~ T I O N S  ARE YES = 1 AND NO : 
RANGE 
0 to 150 1b.  
(0  to  1.5 v) 
. "  &,&&",.,.+** .&,. :**.*., i .. r r .  r i - ~ 1 # ~ r ~ = 4 ~ ~  
ACCURACY 
- + 1.5 lbs. 
APPENDIX B 
ACE DATA CALCULATIONS 
FOR 
FLASH EVAPORATOR SYSTEM T E S T  
FLASH E3AFORATOR ACE CAWULATIOIO REQUIRlNWE 
M E A S m  
NO* DESCRIFTION 
Instantaneous Heat 
Rejection, Evap. 1 
ZQ 5202 I Instantaneous Heat  ejection, Evap. 2 
Instantaneous Heat 
Reject idn, Total  
ZQ 5211 Tota l  Heat Re ject.ion 
Evap. 1 
ZQ 5212. T o t a l  Heat Reject  ion 
, Evap.' 2 
. . 
ZQ .5213 .' ~ o t a l  Heat Rejection 
ZW 5222 . Water Flow, Evap. 2 
Tota l  Water Flow 
C, , 0. - (k.3 x/d37) I Tin = ~ ~ 5 0 0 8 *  
cP= UYII-(.N w - '~ )  
+Or' f *) 
TI Il ~ y k ) . J ~  4 
TF50ol (b) 
Tout = TF5004* 
TFS003 (b ) 
( lbs )  ' 
2 
th f f i ~ f  4 919.x 7. ( r  
T F ~ O O ~  (b ) 
Tout = TFjOiO * 
TFSOW (b ) 
REPRODUCIBTLITY OF THE 
ORIGINAL PAGE IS POOR 
1. WURESIENT NO. DESCRII*rION 
-, ZW 5224 Water Tank Differential 
Weight 
% * ZE 5231 Signal Event Total 
"I- 
ZE 5234 . Total Test Time I 
ZQ 5241 verage ' Heat 




ZQ 5251 verage Heat 
(B) ,  Evap: 1 
verage Heat 
Load (B) ,  Evap. 2 
USED 
, . 
ME AS^^ MEAS- . . 
10. DESCRIPTION EQUATIrn USm - .  
ZQ 5253 Average Heat Load qb * qbl + qb2 = 245251 - .  
qbl (B), Total (BfrrnIW = 245252 
'b* r . .  
- .  
ZF 5261 Average. Water Ma = I'm1 (lbs/hr) 
Usage (A), map. 1 1- = m221 . . 
t~ 
tT = 2~5234 
" .  
ZiT 5262 Average Water M = MT2 (lbs/hr) % = zw5222 
ZF 5263 







Ueage (A) ,  map. 2 
Average Water 
Usage (A) ,  Total 
AverQe Water 
Usage@) 
Average Ent halpy . ' 
Change ( A ) ,  Evap. 1 
. . 
. . 
Average lh thalpi  
Change (.A), Evap, 2 
Average Enthalpy 
Change (A),  Total 
-. . 
Average h tha lpy  
Change (B)  
a2 - 
t~ 
(lbs/hr Me = MII 
t~ 
. . .  
% = E  ( lbs/hr)  . 
t~ 
ha = qal (BTu/lb) , 
1 - ' 
.. . . .  
. :. 
. . .  
. * . . . . 
. . - 9  
' ;  
h = q, ' ( m ~ / l b )  
aa2. 2 .. . 
Ma 2 
ha ' J& ( B T U / ~ ~  ) I 
. . 
. . 
= ( m / l b )  
% 
t, = 235234 . . 
b$ = ZW5223 . - 
tT = 235234 - .  
WT = 2~5224 . . 
t, = .us234 
- .  
. . 
% = 2~5241 . . 






qa = 295242 . 
2 
= 215262 . .. I Ma 2 
h = ZH5271 
h ' = W5272 
. a i  . . 
q, = 2~5243 
~0 = ~ ~ 5 2 6 4  . 
. .  
I . . . . - .  i - .  - . 
BEAS- 
EQUATION USED 
ZT 5311 Maximum F-21 Outlet  (compare a l l  F-21 Outlet  ~ ~ 0 0 3  (b) 
7 Temp., Evap. 1 Temperatures ) Tfi004+ 
- ZT 5301 I Minimum F-21 Outlet  . I (compare all  F-21 Outlet  I T~5003  (b) I =* Temp. ; Evap. 1 Temperatures ) TF5004* 




. ZT 5302 I Minimum F-21 Outlet  I (Compare a l l  F-21 Outlet  +. Temp. , Evap. 2 Temperatures ) 
M a x i m u m  F-21 Outlet  
Temp., map. 2 
. s ZD 5321 ' 
- .  
. . 
12(~+421.  ZD 5323 1 6 ,  %.6Ji1 ., (wet ts)  . . . ' 
e a t e r  Power 3 . . 
I I ' 
(compare a l l  F-21 Outlet  
Temperatures ) 
' ZD 5322 
, 
T E W )  ( b ) 
TfiOlO* 
Top- O f f  Duct 
Heater power 2 
zN 5341 . S..Nozzle Heater . P,;'277 I. (wa t t s )  . I=HI5176 2 
ower' 4 . 














P = ~-(wa t t s )  3.93 TI 
e a t e r  Power 2 . T=ZD5356 
-- 
I=HI51?3 





~ 7 - - 
Top- Off Duct 
Eieater 'Power 4 
' . . .  
. . 
. . 
. . , . . . 
~ e - e n t  ky l h c t  . . * . .  
Heater Power 1 . 
Re-entry Duct 
p . =  I* ( T+2996 ) 
T4 .?5.79 (wat ts  ) 
. . 
. , '  
p = , . . (wa t t s )  . 12(~+416. i.' R\ 
. . .  : , .  
53*2? ! 
p =  r 2 ( ~ + b o . 2 ' ) .  (watts) 
A 2  32.34 
.- - 
MEASUREMENT 
: N O I  
zD5351 
DESCRImOm 
.vg. Temp, Top-Off 
ruct Heater 1 
~ g .  Temp, Top-Off 
Xlct Heater 2 
Lvg. Temp, Top-Off 
Iuct Heater 3 
Avg. Temp, Top-Off 
Duct. Heater 4 
Avg. Temp, Reentry 
Duct Heater 1 
Avg. Temp, Reentry 
Duct Heater 2 
Avg. Temp, Nozzle 
Heater 1 
Avg. Temp, Nozzle 
Heater 2 
Avg. Temp, Reentry 
Duct Heater 3 
--.- 
Reentry Duct 
Heater Power 3 
EQUATION USED 
r, = ~ ~ 5 0 3 9  
= ~ ~ 5 0 3 8  
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